Aims/hypothesis High levels of cardiorespiratory fitness (CRF) and physical activity (PA) are associated with a favourable metabolic risk profile. However, there has been no thorough exploration of the independent contributions of cardiorespiratory fitness and subcomponents of activity (total PA, time spent sedentary, and time spent in light, moderate and vigorous intensity PA) to metabolic risk factors in children and the relative importance of these factors. Methods We performed a population-based, cross-sectional study in 9-to 10-and 15-to 16-year-old boys and girls from three regions of Europe (n=1709). We examined the independent associations of subcomponents of PA and CRF with metabolic risk factors (waist circumference, BP, fasting glucose, insulin, triacylglycerol and HDL-cholesterol levels). Clustered metabolic risk was expressed as a continuously distributed score calculated as the average of the standardised values of the six subcomponents. Results CRF (standardised β=−0.09, 95% CI −0.12, −0.06), total PA (standardised β=−0.08, 95% CI −0.10, −0.05) and all other subcomponents of PA were significantly associated with clustered metabolic risk. After excluding waist circumference from the summary score and further adjustment for waist circumference as a confounding factor, the magnitude of the association between CRF and clustered metabolic risk was attenuated (standardised β=−0.05, 95% CI −0.08, −0.02), whereas the association with total PA was unchanged (standardised β=−0.08 95% CI −0.10, −0.05). Conclusions/interpretation PA and CRF are separately and independently associated with individual and clustered metabolic risk factors in children. The association between CRF and clustered risk is partly mediated or confounded by adiposity, whereas the association between activity and clustered risk is independent of adiposity. Our results suggest that fitness and activity affect metabolic risk through different pathways.
Introduction
Moderate to high levels of cardiorespiratory fitness (CRF) and physical activity (PA) have been consistently associated with lower risks of many health outcomes, such as cardiovascular disease (CVD) [1] [2] [3] [4] , the metabolic syndrome [5] [6] [7] , type 2 diabetes [8] [9] [10] and all-cause mortality [11, 12] in adults. These associations are also sometimes independent of fatness [10] , although the relative importance of fatness, activity and CRF remains controversial [13] .
PA and CRF may also be associated with CVD and metabolic risk factors in children. However, most studies have addressed the association between either CRF or PA with a single risk factor and few have addressed the joint contribution of CRF and activity to these risk factors. The most convincing studies have suggested an association between activity with insulin sensitivity [14, 15] or between CRF and insulin sensitivity [15, 16] . However, it is unclear whether these associations are independent of adiposity [16] [17] [18] [19] .
Total body movement (i.e. the total amount of PA) and patterns of activity (i.e. time spent sedentary and in activities of varying intensity levels, and bouts of sustained activity) are separate dimensions of activity that may be associated with individual metabolic risk factors and clustered metabolic risk in different ways. However, these subdimensions of activity are inherently difficult to measure precisely in epidemiological studies. We have recently reported that the objectively measured total amount of PA, assessed by accelerometry, is associated with clustered metabolic risk in a large population-based sample of European children [20] , and that this association is independent of the amount of time spent viewing television and other confounding factors [21] . We have also reported that CRF is associated with clustered metabolic risk [22] . However, none of our previous studies examined the independent associations between subdimensions of PA, CRF and adiposity with metabolic risk factors. Moreover, the relative importance of PA and CRF for these risk factors in children was not explored in our previous reports. This information is important as it may inform primary preventive action in children.
Therefore, the aim of the present study was to examine the independent associations of subdimensions of PA and CRF with individual metabolic risk factors and with clustered metabolic risk in a large population-based sample of children from three distinct geographical locations in Europe.
Methods

Study design
The European Youth Heart Study (EYHS) is a mixed longitudinal study designed to examine the nature and strength of personal, environmental and lifestyle influences on CVD risk factors in European children and the interactions among these influences. The rationale, aims, study design, selection criteria and sample size are described in detail elsewhere [23] .
The present cross-sectional study included 1,092 children aged 9-10 years (544 boys and 548 girls) and 829 adolescents aged 15-16 years (367 boys and 462 girls) from three geographically defined areas in Europe (the city of Odense, Denmark, the city and surrounding rural areas of Tartu, Estonia, and the island of Madeira, Portugal). Data on anthropometric variables, sexual maturity and biochemical data were available for all children (n=1921). Of these children, 1,709 (89%) had valid data on objectively measured PA, aerobic fitness and the risk factors included in the composite score, and constitute the sample for the present report. Written informed consent was obtained from a parent or guardian and the study procedures were explained verbally to all children. Ethical approval for the study was obtained from the local research ethics committees in each study region.
Measurements Weight and height were measured using standard techniques with the participants in light clothing and without shoes. BMI was calculated as weight (kg)/ height (m) 2 . Four skinfold thickness measurements (triceps, biceps, subscapula and suprailiac; mm) were taken on the left side of the body in duplicate or triplicate, according to the criteria described by Lohman et al. [24] , and the two closest measurements at each site were averaged. Fat mass and fat-free mass were calculated using age-and sexspecific equations [25] .
Resting systolic and diastolic BPs were measured in the sitting position, after 5 min of sitting rest, with a Dinamap vital signs monitor (Critikron, Tampa, FL, USA). Five measurements were taken at 2 min intervals and the means of the last three measurements were averaged and used in analysis.
Sexual maturity was assessed by the data collectors, using the five-stage scale for breast development in girls and pubic hair in boys, according to Tanner [26] . Smoking status (no smoking, regular smoking) was obtained by selfreport. Children's birthweight and parental socioeconomic status (highest education and income) were obtained by self-report from the parents.
PA Free-living PA was assessed with an MTI Actigraph (Manufacturing Technology, Fort Walton Beach, FL, USA) accelerometer over two weekdays and two weekend days, as previously described [20, 21] . The outcome variables were daily activity (cpm), time (min) spent sedentary (<500 cpm), time spent in light intensity PA (LPA; 501-2,000 cpm), time spent in moderate intensity PA (MPA; 2,001-3,999 cpm) and time spent in vigorous intensity PA (VPA; >4,000 cpm). Daily cpm is an indicator of the total amount of PA (i.e. the average intensity of PA). This variable was derived by dividing total counts by monitoring time per day and averaging over the measurement period. This variable is significantly correlated with PA energy expenditure obtained by the doubly labelled water method [27] . Time spent sedentary and in LPA, MPA and VPA were expressed as percentages of total monitored time to account for differences between individuals in time wearing the accelerometer. We excluded all time blocks with ten or more consecutive zero counts, assuming that the monitor was not worn. Biochemistry Overnight fasting blood samples were taken in the morning from the antecubital vein. Samples were divided into aliquots, separated within 30 min and stored at −80°C until transport to WHO-certified laboratories for analyses. Samples from Denmark and Estonia were measured in one laboratory (Bristol, UK), whereas samples from Portugal were measured separately in a second laboratory (Cambridge, UK), as previously described [21] . Briefly, HDL-cholesterol and triacylglycerol were measured by enzymatic methods in all samples (Olympus Diagnostica, Hamburg, Germany). Glucose was analysed using the hexokinase method, measured with an Olympus AU600 autoanalyser (Olympus Diagnostica) in all samples. Insulin was analysed using enzyme immunoassay (microtitre plate format; Dako Diagnostics, Ely, UK) in the Bristol laboratory and by two-site immunometric assays with either 125 I or alkaline phosphatase labels in the Cambridge laboratory. Between-laboratory correlations for 30 randomly selected samples analysed at both laboratories were 0.94-0.98. However, before analyses, all biochemical data were standardised to the mean (z score) by study location, sex and age group.
Clustered metabolic risk score We constructed a standardised, continuously distributed variable (standardised to the mean by sex, age group and study location) for clustered metabolic risk, which we have described in detail previously [7, 21, 28] . This variable was derived by standardising and then summing the following continuously distributed indices of adiposity (waist circumference) to create a z score: hypertension ([systolic BP+diastolic BP]/2); hyperglycaemia (fasting plasma glucose); insulin resistance (fasting insulin); fasting HDL-cholesterol × -1; and fasting triacylglycerol z score. We also calculated a risk score without the adiposity component (i.e. waist circumference) to examine whether the associations between the main exposures (PA and CRF) and clustered metabolic risk were affected by including adiposity in the risk score. The purpose of using a continuously distributed variable was to maximise statistical power [29] .
Statistics Descriptive data are presented as mean ± SD and geometric mean and 95% CI. Fasting insulin, sum of four skinfold thicknesses and time spent in VPA were logarithmically transformed (log) owing to their skewed distributions. Differences between sexes, study locations and age groups were tested by ANOVA. Associations between variables were analysed by simple correlation coefficients and partial correlations after adjustment for age, sex and study location. Multiple regression analyses were used to analyse the independent associations between PA variables (total counts, time spent sedentary, and in LPA, MPA and VPA) and CRF with individual risk factors. Interaction factors (i.e. age×main exposures and sex×main exposures) were considered to evaluate whether age and sex modified the associations between PA variables and CRF with risk factors. Our primary model was adjusted for sex, age and study location. We then assessed the independent associations between PA variables and CRF with each individual risk factor after further adjustment for adiposity (i.e. waist circumference). In our final model we also adjusted our analysis for birthweight, sexual maturity, smoking status, maternal BMI and parental socioeconomic status in addition to all other confounding factors.
We then tested whether subdimensions of PA and CRF were independently associated with the clustered risk score in two models. The first model (adiposity-dependent) included all individual risk factors and was adjusted for the confounders described above. In the second model (adiposity-independent), the adiposity component was excluded from the outcome, and additionally adjusted for. This analysis examined whether adiposity could act as a mediator and/or confounder. All data were analysed in their continuous form, although data are stratified by quartiles of PA and CRF for illustrative purposes. Data were analysed with SPSS for Windows (version 11.0) and p<0.05 denoted statistical significance. Table 1 shows the descriptive characteristics of the participants. Total PA was significantly greater in younger than in older children (684±255 vs 530±209 cpm, p<0.0001) and in boys than girls (689±285 vs 555±200 cpm, p<0.0001). CRF was significantly higher in older than younger children (3.95±0.73 vs 3.47±0.72, p<0.0001) and in boys than girls (3.85±0.72 vs 3.51±0.76, p<0.0001). A significant sex×age interaction was observed for CRF (p=0.045), indicating that the influence of age was somewhat greater in boys than girls. Table 2 shows the partial correlations of subcomponents of PA with CRF and risk factors. All PA estimates were weakly but significantly correlated with most of the risk factors, except HDL-cholesterol. Similarly, PA subcomponents were weakly and significantly correlated with CRF (r=0.08 to 0.14, p<0.0001) after adjustment for sex, age and study location. Most subcomponents of PA were highly and significantly correlated with each other (r=0.13 to 0.89, p<0.0001). CRF was significantly and inversely correlated with waist circumference (r=−0.20, p<0.0001), sum of skinfold thicknesses (r=−0.18, p<0.0001), fasting glucose (r = −0.15, p < 0.0001) and insulin (r = −0.07, p<0.0001), but significantly and positively correlated with diastolic BP (r=0.10, p<0.0001), systolic BP (r=0.11, p<0.0001) and triacylglycerol (r=0.07, p=0.005). Table 3 shows the independent associations between subdimensions of PA, CRF and the metabolic risk factors. All models are adjusted for age, sex and study location. Additionally, CRF is included in all models with the subcomponents of PA, and all models are additionally adjusted for waist circumference except when waist circumference is the outcome. No significant interactions of sex or age with PA or CRF were observed, except when systolic BP was modelled as the outcome variable (age×PA, p for interaction= 0.023). Total PA and percentage of time spent sedentary and in LPA, MPA and VPA were significantly associated with most of the metabolic risk factors, except for waist circumference and HDL-cholesterol after adjustment for CRF. The magnitude of association was stronger for the total amount of activity and percentage time spent sedentary compared with time spent in LPA, MPA and VPA. Similarly, all subcomponents of PA were also significantly and inversely associated with the summary score of metabolic risk, the greatest magnitude of association being observed for total PA (standardised β=−0.08, 95% CI −0.10, −0.05). When excluding waist circumference from the summary score and additionally adjusting for waist circumference as a confounding factor, the magnitude of association was unchanged. CRF was significantly and inversely associated with waist circumference (standardised β=−0.11, 95% CI −0.17, −0.5), fasting glucose (standardised β=−0.09, 95% CI −0.16, −0.06), HDL-cholesterol ×10 −1 (standardised β=−0.07, 95% CI −0.12, −0.01), insulin (standardised β=−0.13, 95% CI −0.19, −0.08) and the metabolic summary score with waist circumference (standardised β=−0.09, 95% CI −0.12, −0.06) and without waist circumference (standardised β=−0.05, 95% CI −0.8, −0.02), after adjustment for age, sex, country and total PA. Figure 1 shows the associations between total PA and CRF stratified by quartiles with clustered metabolic risk. A highly significant inverse association was observed for the association between CRF and the metabolic risk score (p for trend <0.0001) and between PA and clustered metabolic risk (p for trend <0.0001).
Results
Additional adjustments for birthweight, sexual maturity, smoking status, maternal BMI and parental socioeconomic status did not change the direction or magnitude of associations of CRF and subcomponents of PA with individual and clustered metabolic risk (data not shown). In this model, total PA was significantly and independently associated with five (systolic and diastolic BP, fasting glucose, fasting triacylglycerol and fasting insulin) out of the seven individual risk factors and CRF was significantly and independently associated with four of the risk factors.
We then replaced waist circumference with sum of skinfold thicknesses (log-transformed) and reanalysed our data; the associations were unchanged (data not shown). No significant interactions between PA and CRF were observed in any of our analyses (data not shown).
Discussion
Our results suggest that PA and CRF are independently associated with indicators of insulin resistance, hyperglycaemia, hyperlipidaemia and clustered metabolic risk in children. These associations are independent of body fatness and other potential confounding factors. Our observations may have public health implications because increasing the total amount of PA may have beneficial effects regardless of the level of CRF and body fatness in children.
Limitations of our study include its cross-sectional design, which limits inferences about causality and its direction.
Although we controlled for several confounding factors, such as age, sex, study location, birthweight, socioeconomic status and sexual maturity, we cannot exclude the possibility that other, unmeasured confounding factors, such as genetic variation, energy intake and patterns, and other socio-cultural factors, could explain our observations. Only randomisation within a trial can deal with issues of unmeasured confounding.
Our main exposure variables were probably measured with different degrees of error. CRF is fairly stable over time (i.e. several months) and reasonably precisely measured within an individual. In contrast, PA is highly variable within children, and 3 or 4 days of accelerometry measurement may not capture a fully representative snapshot of this complex behaviour [30] . Thus, our estimates of the magnitude of association between PA and metabolic outcomes may be underestimated. The within-individual intraclass correlation coefficient (ICC, inter-individual variance/total variance) for the total amount of PA measured by accelerometry has been estimated to 0.5 [30] . Assuming all measurement error stems from within-individual variability in PA, the ICC can be used to adjust the observed regression coefficients for measurement error by dividing the regression coefficient by the ICC [31] . This may then mean that the true magnitude of associations between PA and metabolic outcomes may be twice as strong as those reported here.
CRF was normalised by fat-free mass to account for between-individual differences in body size [32] . This may be a potential source of bias since fat-free mass is correlated with waist circumference (partial r=0.55; data not shown) and with the sum of skinfold thicknesses (partial r=0.17; data not shown) even after adjustment for age and sex in our cohort. Therefore, some residual confounding from adiposity may persist in our models and the observed magnitude of associations between CRF and metabolic risk factors may be slightly overestimated. Indeed, when excluding waist circumference from the outcome variable (i.e. clustered metabolic risk score) and adjusting for it as a confounding factor, the magnitude of association between CRF and clustered risk was attenuated and weaker than that between PA and clustered metabolic risk. An alternative explanation may be that waist circumference is part of the causal pathway between CRF and clustered metabolic risk. If this is the case, adjusting for waist circumference as a confounding variable will diminish a true association between CRF and clustered risk.
We included all children who achieved a heart rate of at least 185 beats per min when terminating the exercise test. This may not be a maximal effort for all children and the estimated mean values for CRF may be slightly underestimated. However, it is unlikely that this will affect the observed associations between CRF, PA and risk factors. Indeed, our results were unchanged after further adjustment for maximal heart rate (data not shown). Data are standardised regression coefficients (95% CI) and outcomes are expressed as standardised z scores. All outcomes are adjusted for age group, sex, study location and waist circumference (except when waist circumference is the outcome). β-Coefficients for all activity variables are additionally adjusted for CRF.
β-Coefficients for CRF are additionally adjusted for total activity FFM, fat-free mass; zMS, z score for metabolic syndrome components a Log-transformed *p<0.05; **p<0.01; ***p<0.001 Table 2 The lower four rows of the table show the partial correlation coefficients between subdimensions of PA and CRF. Data are adjusted for age group, sex and study location (n=1,709) a Log-transformed This is the first report from the EYHS examining the independent associations of different subcomponents of PA and CRF with metabolic risk in the entire EYHS cohort. In previous reports, we have observed an association between PA and insulin sensitivity in 9-to 10-year-old Danish children [14] . We have also reported that PA is inversely related to body fat in 9-to 10-year-old children [33] , that PA is inversely associated with clustered metabolic risk [20] , and that PA and television viewing are independently associated with clustered metabolic risk in both 9-to 10-year-old and 15-to 16-year-old children [21] . We have also shown that aerobic fitness is inversely associated with clustered metabolic risk in both age groups [22] . Finally, in one of our previous reports, restricted to 9-to 10-year-old Danish children, we observed that aerobic fitness modified the association between overall PA and clustered metabolic risk [34] . In the present study, which comprised a much larger and diverse cohort of children, we were not able to replicate this finding. This may be explained by differences in sample size and the more homogeneous sample included in the previous report.
Strengths of our study include our large populationbased sample, our validated and objective method for measuring PA [27], the collection of fasting blood samples in a large, heterogeneous group of children, and the use of maximal incremental exercise testing to assess CRF.
Others have shown that CRF is associated with individual metabolic risk factors in youth [16-18, 35, 36] . However, these associations may be mediated at least partly through adiposity [17, 18] . Boreham et al. [35] suggested that the strength of association between fatness and CVD risk factors is greater than that between CRF and CVD risk factors in a large sample of Irish children. Shaibi et al. [37] reported that CRF was not related to any individual component of the metabolic syndrome independently of adiposity in overweight Hispanic children. Imperatore et al. [16] reported that both CRF and PA were significantly associated with insulin sensitivity independent of obesity in US adolescent boys but not in girls. Differences between studies may be attributable to different sample sizes, characteristics of the cohorts and differences in the methods employed. Our findings in a large population-based sample of European children demonstrate that both CRF and PA are associated with multiple individual risk factors and with clustered metabolic risk independently of adiposity.
CRF is partly influenced by genetic factors [38] and by regular exercise. CRF was weakly associated with PA in our study and the correlation between variables was similar to that reported by Imperatore et al. [16] . The strongest correlation between CRF and PA variables were between CRF and total body movement (r=0.14; p<0.0001). Our results may then suggest that CRF and PA influence metabolic risk factors through separate pathways, or that CRF is a marker for specific muscle characteristics (e.g. muscle fibre type composition) that favour metabolic health. Indeed, an increased proportion of slow-twitch muscle fibres is associated with increased lipid oxidation [39] .
In our more detailed analysis of the association between subcomponents of PA and metabolic risk factors, we observed that the percentage of time spent sedentary was significantly and positively associated with systolic and diastolic BP, fasting glucose, triacylglycerol and insulin, and with clustered metabolic risk. Time spent in MPA was also significantly but inversely associated with the same risk factors and the magnitudes of the associations were similar. Because of multicollinearity, we were unable to include the subcomponents of activity in the same model. However, these more detailed analyses of patterns of PA are important as they suggest that reducing the amount of time children spend sedentary and increasing the total amount of PA may have beneficial effects on metabolic and cardiovascular health.
Furthermore, the finding that PA is inversely associated with metabolic and CVD risk factors independently of CRF and adiposity may also have several important implications for public health. Increasing overall PA in children through play, active transport, leisure time PA and participation in sports is likely to have beneficial effects on children's metabolic risk profile. An association between PA, independently of CRF, is important because it may be more feasible to encourage children to participate in PAs, which do not necessarily have to be vigorous and associated with great levels of exhaustion, aiming to improve CRF. Although adiposity is a stronger predictor than PA of metabolic risk in children [21] , PA may confer health benefits regardless of the degree of adiposity. Finally, our results were not modified by sex, age or study location, which suggest that these results are generalisable to a large proportion of European children.
CRF and PA are separately and independently associated with metabolic risk factors in children. The association between CRF and clustered risk is partly mediated or confounded by adiposity, whereas the association between PA and clustered risk is independent of adiposity. Our results may suggest that CRF and PA affect metabolic risk through different pathways.
